Background. p-Cresol sulfate (PCS) and indoxyl sulfate (IS) have important roles in the kidney injury. The aim of this study was to determine the inflammatory response to PCS and IS. Methods. Cultured mouse proximal renal tubular cells were treated with PCS or IS and analyzed by polymerase chain reaction array with an inflammation and immune panel. Gene annotation enrichment and functional annotation clustering were analyzed with the Database for Annotation, Visualization, and Integrated Discovery (DAVID). Functional networks of the target genes were analyzed with the algorithm GeneMANIA. Results. PCS and IS increased the expression of inflammation associated genes. Sixteen upregulated gene clusters of cells treated with PCS or IS were found. The major cytokines in the functional networks generated by PCS or IS treatment were Tgfb1, Fasl, Il6/15, Il15, Csf1/3 and Cxcl10. The major intracellular signal triggered by PCS or IS included Stats, Smads, Nfkb2, Ikbkb, Bcl2 and Bax. In both PCS-and IS-treated cells, Col4a5, Cxc10, Fasl, Stat1 and Ikbkb were the target genes in the predicted molecular functional networks connected to Tgfb1. Conclusions. PCS and IS stimulate significant cellular inflammation. Similar immune and cellular inflammatory responses were induced by PCS or IS on cultured proximal renal tubular cells.
Introduction
Renal inflammation occurs in response to infectious and non-infectious kidney injury, and it plays an important role in the pathology of chronic kidney disease (CKD) induced by cell activation and pro-inflammatory cytokine and chemokine secretion. The development of fibrosis with loss of renal function often follows renal inflammation [1] . Accumulating evidence indicates that infiltrating leukocytes are important in the development of renal injury [2, 3] . Renal cells express innate immune system sensors, such as toll-like receptors; these sensors are believed to significantly contribute to the kidney injury process [4, 5] . Recent studies also indicate that inflammation plays a crucial role as a mediator of clinical kidney disease progression [6] [7] [8] .
CKD is progressive; the renal toxicity due to uremic toxins is thought to contribute to the pathology of CKD. Indoxyl sulfate (IS) and p-cresol sulfate (PCS) are important examples of protein-bound uremic toxins that are difficult to remove by dialysis. They have similar features, including an albumin-binding site, and they both originate from protein fermentation [9, 10] . These molecules have been linked to oxidative injury [11, 12] ; oxidative stress is known to induce significant pathologies during renal inflammation and fibrosis [13, 14] . Our previous clinical study demonstrated a significant association between IS and PCS serum levels and the progression of CKD [15] . Accumulating evidence has shown that IS and PCS play significant roles in the pathology associated with chronic kidney injury [16] [17] [18] .
Proximal tubule epithelial cells are the most populous cell type in the kidney, and they conduct important regulatory and endocrine functions. Proximal tubule cells also serve as immune responders to a wide range of immunologic, ischemic or toxic injuries. Many acute and chronic kidney injuries initially manifest with proximal tubule disorders [19, 20] . Currently, few studies have been reported that discuss the putative renal inflammatory response induced by IS and PCS. The aim of this study was to determine the cellular inflammatory response to PCS and IS in cultured proximal renal tubular cells.
Materials and methods

Mouse proximal renal tubular cell culture
Mouse proximal renal tubular cells (PKSV-PRs), provided by Dr Alain Vandewalle, were cultured in a modified culture medium as described previously [21] . The cells were serum starved for 24 h to synchronize the cells prior to treatment with IS (Sigma, St. Louis, MO) and PCS (Kureha, Japan) at concentrations of 0, 1 or 5 mg/L. Serum-free media was used during the 72-h IS or PCS treatment course. In the study with sodium sulfate treatment, the cells were serum starved for 24 h to synchronize the cells prior to treatment with Na 2 SO 4 (Sigma) at concentrations of 0, 0.7 or 3.5 mg/L. Control PKSV cells were treated with the same volume of phosphate-buffered saline and cultured under the same conditions as the experimental cells.
Polymerase chain reaction array
The inflammatory cytokine messenger RNA (mRNA) expression of cultured PKSV cells was analyzed by polymerase chain reaction (PCR) array. Each reaction (including control, IS and PCS treatment) was repeated in triplet. Then, the RNA sample from each reaction was analyzed by PCR array. Total RNA was extracted and converted into complementary DNA (cDNA). The extracted RNA was quantified to test the optical density at A260/A280 with spectrophotometer (UV/VIS spectrophotometer Spectroquant® Pharo 300; Merck, Germany). The quality of RNA was tested by electrophoresis to detect the integrity of 18S and 28S rRNA (Agilent 2100 Bioanalyzer; Agilent Technologies, Santa Clara, CA). cDNA (1 μg) was mixed with TaqMan® Gene Expression Master Mix (Applied Biosystems) and loaded into the TaqMan® Mouse Inflammation and Immune Panel Low Density Array (Applied Biosystems, Foster City, CA) for gene expression detection by Applied Biosystems 7900HT Fast Real-Time PCR System. The gene list for the PCR array is shown in Table 1 . The expression of glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as an input control. The mean ΔC t value was used for analysis. The expression of the target genes was standardized to the Gapdh level, followed by normalization to the control cells (without PCS or IS treatment).
Gene ontology analysis
Gene ontology (GO) was analyzed by The Database for Annotation, Visualization, and Integrated Discovery (DAVID) v6.7 [22] . Genes that were upregulated or downregulated (50% or greater than the control) in response to PCS or IS were entered as input for the GO analysis. The enrichment score was determined through DAVID, which used the relatedness of the terms and the genes associated with them to rank the significance of each annotation cluster. The GO terms were selected on the basis of the known annotation of submitted genes with respect to the biological process, the cellular component and the molecular function as well as the biological pathways and protein domains. A Mus musculus background with low stringency was used to analyze the functional gene clusters. The stringency for functional annotation clusters was classified as medium with a background of M. musculus.
Real-time PCR
Total RNA was isolated from 10 mg of whole kidney or cell extracts by DNase treatment (RNeasy Kit; Qiagen, Germany) according to the manufacturer's instructions. Total RNA (5 μg) was reverse transcribed by using reverse transcriptase (Bio-Rad, Hercules, CA) with random primers. An iQ5 real-time PCR detection system (Bio-Rad) was used to conduct PCR. The reaction mixture consisted of 25 μL SYBR Green PCR Master Mix (Applied Biosystems) containing 0.6 mmol/L primers and 1 μg cDNA. The following gene-specific primers were used: mouse Tgfb1: 5′-CAACAATTCCTGGCGTTACCTTGG-3′ (forward primer) 5′-GAA AGCCCTGTATTCCGTCTCCTT-3′ (reverse primer) mouse β-actin: 5′-CACACTGTGCCCATCTACG-3′ (forward primer) 5′-GCCATCTCTTGCTCGAAGTC-3′ (reverse primer)
The thermal cycling program was comprised of an initial denaturing step, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 65°C for 1 min. Each PCR reaction was performed in triplicate, and the mean C t value was used for statistical analysis. mRNA expression was standardized to β-actin expression levels and then normalized to the control group.
Molecular functional network and canonical pathway analysis
The molecular functional networks and canonical pathways of the genes upregulated by PCS and IS were analyzed by GeneMANIA [23] . GO-based weighting (molecular function-based) was used for calculations. The functional networks, including coexpression, physical interaction and predicted networks, were analyzed. The molecular functional networks that highlighted the first tier of Tgfb1 neighbors were also analyzed. Table 1 . Inflammation gene panel determined by PCR array analysis
Statistical analysis
The statistical measure of inter-annotator agreement in the ontology analysis was calculated by kappa coefficient. Functional annotation clusters were analyzed by enrichment score. Real-time PCR data of different treatment groups were compared with analysis of variance with post hoc test. P <0.05 was considered statistically significant.
Results
The relative ratios of gene expression by PCR array analysis are plotted in Figure 1 . The expression of target genes upregulated by IS and PCS (50% or greater than the control) are listed in Table 2 . PCS upregulated 12 or 30 genes at concentrations of 1 or 5 mg/L, respectively. IS upregulated 13 or 32 genes at concentrations of 1 or 5 mg/L, respectively. Among these target genes, the expression of Il15, Fasl, Bcl2, Csf3, Csf1 and Tbx21 was at least two times greater than the control ( Table 2 ). The highest relative ratio of expression among target genes was Il15 upregulated by PCS or IS. The relative expression ratios of Il15 were 11.37 and 10.60 for PCS and IS (5 mg/L), respectively. The response was dose-dependent for all genes upregulated by PCS or IS ( Table 2 ). The genes that were downregulated (50% less relative expression than control) by PCS and IS are summarized in Table 3 . At a concentration of 5 mg/L, PCS or IS downregulated Ccr2, Csf2 and Ptprc. The response was dosedependent for all genes downregulated by PCS and IS (Table 3) .
Two functional gene clusters, Bcl2/Bcl2l/Bax and Stat1/3/6, were identified by functional gene classification analysis using input from genes upregulated by 5 mg/L Fig. 1 . Relative ratios of target gene expression. Target gene expression was determined by PCR array and standardized to the glyceraldehyde-3phosphate dehydrogenase (Gapdh) level, followed by normalization to that of the control cells. The target genes with undetermined C t value were not calculated (lane order for each target gene: 5 mg/L PCS, 5 mg/L IS, 1 mg/L PCS, 1 mg/L IS, control). Table 4 ). The Kappa values of Bcl2/Bcl2l1/ Bax were 0.56/0.64/0.69, respectively. The Kappa values of Stat1/3/6 were 0.64/0.66/0.71, respectively.
PCS and IS (
DAVID was used to analyze the functional annotation clusters of biological terms that represented the processes affected by IS and PCS; the results are summarized in Table 5 . The analysis revealed 16 upregulated genes in functional annotation clusters of cells that were treated with 5 mg/L PCS (Table 5A) or IS (Table 5B) ; 11 of the 16 upregulated genes were common to cells treated with either PCS or IS. One downregulated functional annotation cluster gene, related to hematopoiesis, was common to cells treated with either 5 mg/L PCS or IS (Table 5C ).
The functional networks of the genes upregulated by 5 mg/L PCS or IS were analyzed; the results are plotted in Tgfb1 is considered to be an important inflammatory and fibrogenic cytokine in CKD. Real-time PCR showed that PKSV cells treated with PCS or IS at concentrations of 1 or 5 mg/L for 72 h caused a significant increase in Tgfb1 expression compared to non-treated cells ( Figure 3 ). The molecular functional networks involving Tgfb1 for the cells treated with 5 mg/L PCS or IS were analyzed; the results are plotted in Figure 4 . For both PCS and IS treatments, the target genes in the predicted Tgfb1 molecular functional networks were Col4a5, Cxc10, Fasl, Stat1 and Ikbkb. For PCS, the Tgfb1 molecular functional networks of coexpression included Bax, Bcl2l1, Ece1, Fas, Gusb, Nfkb2, Ski and Vegfa ( Figure 4A ). For IS, the Tgfb1 molecular functional networks of coexpression included Bax, Bcl2l1, Cd68, Ece1, Fas, Gusb, Nfkb2, Ski and Vegfa ( Figure 4B ).
The results of study with sodium sulfate treatment are summarized in Table 6 . Twenty-one gene expressions were significantly upregulated by sodium sulfate treatment, and six genes were downregulated. Among the genes upregulated by sodium sulfate, eight genes (Bcl2l1, Cd68, Fas, Gusb, Hprt1, Ikbkb, Il6 and Ptgs2) were also upregulated by IS and PCS. Ccr2 was upregulated by sulfate treatment but downregulated by IS and PCS. In addition, Cd80 which upregulated by IS and PCS were downregulated by sodium sulfate treatment.
Discussion
Previous studies have revealed that IS is a pro-oxidant. IS decreases endothelial cell viability and impaired endothelial function via increasing oxidative stress [11, 24] . IS might induce abnormal oxygen consumption in tubules and aggravates chronic hypoxia of the kidney via oxidative stress. Reduction of serum IS levels with uremic toxin binder (AST-120) also led to a decrease in oxidative The enrichment score is determined through the Database for Annotation, Visualization, and Integrated Discovery (DAVID) and ranks the significance of each annotation cluster on the basis of the relatedness of the terms and genes associated with them. The gene ontology (GO) terms were gathered on the basis of the known annotation of the submitted genes with respect to biological process, cellular component and molecular function as well as biological pathway membership and protein domains. The numbers of genes indicate the number of differentially expressed genes contributing to the clustered term. The representative biological term with lowest EASE score in each annotation cluster was summarized in this table. IS and PCS concentration: 5 mg/L; background: Mus musculus; classification stringency: medium. b Common functional annotation clusters in PCS and IS. stress in the kidney and better renal function and less histological injury in vivo [25] . Removal of IS with AST-120 treatment is effective in reducing oxidative stress and decreasing the renal inflammation and fibrosis by cyclosporine-induced renal injury [26] . PCS is also suggested as a significant oxidant [12] . It was reported that IS could induce chemokine and cytokine production in vitro and in vivo. IS stimulates monocyte chemoattractant protein-1 expression in human umbilical vein endothelial cells by activating the NADPH oxidase-nuclear factor-κappa B pathway [27] . It was also reported that the overload of IS is involved in the increased bioactivity of transforming growth factor-beta 1 in uremic kidneys, which enhances the renal expression of tissue inhibitor of metalloproteinase-1 and type 1 collagen, leading to the progression of chronic renal failure [28] . Our study showed that both IS and PCS could induce significant cellular inflammatory response in cultured proximal renal tubular cells. On the basis of the array results, the patterns of inflammation profiles, which included cytokines and the corresponding downstream signals, induced by IS and PCS were similar. Tgfb1 is recognized as both a fibrogenic and inflammatory cytokine and plays a critical role in kidney injury. Tgfb1 is involved in immunomodulation and fibrosis in the kidney [29, 30] . Indirect evidence showed that lowering the IS concentration with uremic toxin binders could significantly decrease Tgfb1 expression in vivo and clinically [31, 32] . Our results demonstrated that PCS and IS could increase Tgfb1 expression in cultured proximal renal tubular cells. In addition, the inferring functional networks connecting Tgfb1 and its downstream signals were similar between PCS and ICS.
The expression of Il15 was increased prominently by treatment with PCS and IS in this study. Il15 is mainly secreted by mononuclear phagocytes and induces cell proliferation of cells of the innate immune system [33] . Il15 suppresses apoptosis in T lymphocytes by inducing Bcl2 and/or BclxL [34] . Our results also showed that Bcl2 expression was increased in cells treated with PCS and IS. Previous studies have shown that a functional Il15 receptor is expressed in tubular epithelial cells of the renal cortex and medulla [35] . Since renal tubular cells produce Il15, Il15 is considered to have an autocrine or paracrine regulatory role in the kidney. An in vivo study revealed that Il15 was a survival factor for kidney epithelial cells by counteracting apoptosis and inflammation during nephritis [36] . The pathological roles of Il15 in kidney injury induced by PCS and IS need to be defined further.
Recent studies have revealed that serum IS and PCS levels are associated with the cardiovascular disease and mortality and CKD progression in CKD patients [15, 37, 38] . Chronic inflammation is known to be an important pathological mechanism for the cardiovascular disease and mortality and CKD progression in CKD patients [39] . The results of this study suggested that inflammation response might be the possible mechanism for the clinical impact of IS and PCS on the CKD patient outcomes.
Sulfate is a common chemical functional group of IS and PCS. It is questioned whether sulfate is the major determinant for the cellular reactions to the IS and PCS. We also performed the PCR array analysis with the PKSV cells treated with sodium sulfate at concentrations of 0.7 and 3.5 mg/L, which had similar molar concentrations to the IS and PCS concentrations used in the previous tests. The results of sodium sulfate treatment study showed that sodium sulfate could induce significant cellular reactions with multiple genes upregulated or downregulated. However, our study suggested that the common chemical domain of IS and PCS might contribute parts of the cellular reactions to the IS and PCS, but might not be the only determinant.
There were several limitations in this study. Most portions of serum IS and PCS are protein-bound [10, 16] . Under serum-free experimental conditions, our in vitro study only simulated the clinical free IS and PCS levels. According to previous results of study with chronic hemodialysis patients, the serum-free IS concentrations were 1.05-3.74 mg/L (5.6-19.9 μM) [10] . Studies with predialysis patients (CKD Stage 2-5) showed that the average free PCS level of this study population was 2.6 ± 5.1 mg/L [38] . Based on these studies, the PCS and IS concentrations for this study were similar to the serumfree PCS and IS levels of renal failure patients. In addition, the low-density array used in this study might limit the detection sensitivity. PCR array analyzed the mRNA expression only. Other factors might interfere with the downstream protein expression so that the pro-inflammatory aspect found here could be even neutralized or reversed. Previous studies suggested that multiple housekeeping genes should be used for normalization in the geometric study [40] . These study results were limited by using a single housekeeping gene for normalizing. Furthermore, the application of the in vitro results of this study to in vivo conditions might be limited.
In conclusion, PCS and IS stimulated significant cellular inflammation reactions. The cellular inflammation and immune responses induced by PCS and IS were similar in cultured proximal renal tubular cells. It was suggested that cellular inflammation reactions were an important pathological mechanism for kidney injuries induced by PCS and IS. 
